An inhibitor based on emulsion was prepared by anti-corrosion substances, crude oil and emulsifier in this paper. The inhibition behavior of this inhibitor based on emulsion on N80 steel in 10%HCl + 4%HBF4 solution was investigated by electrochemical measurements and soaking experiments. Results of electrochemical impedance spectroscopy and surface analysis studies indicated that the inhibitor based on emulsion can effectively inhibit the corrosion reaction by forming an adsorption layer function as a barrier. Polarization curves indicated that it is mixed type inhibitor which can reduce anodic dissolution and cathodic hydrogen evolution reactions simultaneously. Experimental results indicated that the inhibitor based on emulsion has better anti-corrosion performance than that of composite inhibitor without crude oil and emulsifier even though with smaller application concentration.
INTRODUCTION
In the past decades, many works have been focused on the development and evaluation of pickling inhibitor [1] [2] [3] [4] [5] , and these works are mainly carried out in HCl solution [6] . The acid solution mixed by HF and HCl is usually used to dissolve siliceous minerals in sandstone reservoirs acidizing process. HCl + HBF4 is a very common acid solution for sandstone acidizing since the HBF4 can stabilize clay and produce HF, usually the application concentration range is 3%~15%HCl + 4%~12%HBF4 [7] . However, there are few studies on the corrosion and inhibition of mild steel in HCl + HBF4 solution, so the study of corrosion inhibitor for mild steel in HCl+HBF4 solution is very important and indispensable.
Most of the well-known acid inhibitors are organic compounds containing nitrogen, oxygen and/or sulfur atoms, heterocyclic compounds and π-electrons [8] [9] [10] . It is generally accepted that organic molecules inhibit corrosion via adsorption at the metal/solution interface [11] [12] [13] , the adsorption layer function as a barrier and isolate the metal from the corrosion solution [14] . In the oil exploitation, it is recognized that oil plays an inhibition role on corrosion [15, 16] . The mechanism has been attributed to the adsorption of oils and the improvement in protectiveness of the anti-corrosion layers [17] . Only the corrosion inhibitor can reduce the oil pipe corrosion while injecting fresh acid, and then crude oil discharged during residual acid reflux so as to improve the anti-corrosion effect of inhibitor. Therefore, oil can be added to fresh acid to keep oil-wet on steel surface, and reduce tube corrosion during the acid injection process.
In this paper, a kind of inhibitor based on emulsion was obtained by uniform mixing of anticorrosion substances, crude oil and emulsifier based on a mass proportion. The corrosion behavior and inhibition performance of this missed inhibitor for N80 mild steel in 10%HCl+4%HBF4 solution was studied by weight loss method and electrochemical method. It is hoped that the inhibitor based on emulsion can reduce the oil pipe corrosion during the acidizing process.
EXPERIMENT DETAILS

Materials
All of the emulsifier, butylene glycol, imidazole, polyvinylpyrrolidone, 2-phosphonobutane-1,2,4-tricarboxylic acid, ethyl alcohol and acetone were obtained from Chengdu Kelon Chemical Reagent Company of China, and of analytical reagent grade. The N80 steel specimens (50mm×10mm×3mm) used in this work were investigated in the as-received condition. Its chemical composition is shown in Tab.1. The corrosion solution was prepared by diluting the HCl and HBF4 with distilled water. The crude oil used to prepare inhibitor based on emulsion was obtained from Bohai oil field. 
Instruments
The following instruments were used: HH-2K constant temperature water-bath (±0.1℃, Yuhua Instrument Company, Gongyi, China); ZF-9 electronic analytical balance (±0.1mg, Shanghai Tetragonal Electronic Instrument Factory, China); CS350 electrochemical workstation (Koster Instrument Company, Wuhan, China); scanning electron microscope (SEM, JSM-7500F produced by JEOL) with X-ray energy dispersive spectroscopy (EDS).
Experimental method
Preparation of inhibitor without emulsifier
The composite inhibitor without emulsifier was prepared by uniform mixing of butylene glycol, imidazole, polyvinylpyrrolidone and 2-phosphonobutane-1,2,4-tricarboxylic acid in different weight proportion shown in Tab.2. 
Preparation of inhibitor based on emulsion
The inhibitor based on emulsion was obtained by uniform mixing of inhibitor (a mixture of butylene glycol, imidazole, polyvinylpyrrolidone and 2-phosphonobutane-1,2,4-tricarboxylic acid), crude oil and emulsifier based on a weight percentage as 3:1:1.
Corrosion experiment with the weight loss method
The fresh N80 steel was washed with acetone and ethyl alcohol, then dried in desiccators and accurately weighed. The weight loss experiments were performed by immersing N80 steel in 10%HCl + 4%HBF4 solution with and without different inhibitors at different temperatures. The steel was totally immersed in acid solution and the temperature was controlled by HH-2K constant temperature water bath. Then, after four hours, the N80 steel was removed, rinsed with deionized water, acetone and ethanol, dried in desiccators, and reweighed. The corrosion rate (CR) was calculated using equation (1):
where CR (g·m -2 ·h -1 ) is the corrosion rate of each steel specimen, S (mm 2 ) is the surface area of the steel coupon, t (h) is the time of the corrosion reaction, and △m (g) is the weight loss of the steel specimen. The corrosion inhibition efficiency (IE) of the corrosion inhibitor was calculated using equation (2):
where CR (g·m -2 ·h -1 ) and CRi (g·m -2 ·h -1 ) in equation (2) are the average corrosion rates in the absence and presence of inhibitor, respectively [18] .
Electrochemical measurements
Polarization and electrochemical impedance spectroscopy (EIS) were used to investigate the corrosion behavior of N80 mild steel in 10%HCl + 4%HBF4 solution with and without inhibitor in an electrochemical station with a three-electrode system at 293K. The reference electrode, auxiliary electrode and working electrode used in this work are saturated calomel electrode, standard chlorinated silver platinum electrode and N80 mild steel of 1cm 2 (10mm × 10mm), respectively. All electrochemical measurements were obtained after reaching a steady open circuit potential. Potentiodynamic polarization curves were obtained by changing the electrode potential automatically from -300 to + 300mV versus Eoc at a scan rate of 0.5mV·s -1 .
The inhibition efficiency (IEp) on the corrosion of steel was calculated using equation (3):
where Icorr (mA·cm -2 ) and I'corr (mA·cm -2 ) are the corrosion current density of steel specimens in the absence and presence of inhibitor, respectively [19] . EIS measurements were obtained in a frequency range from 10 5 Hz to 10 -2 Hz under potentiostatic conditions with an amplitude of 5mV peak-to-peak using the AC signal at open circuit potential (Eoc). The inhibition efficiency (IEE) on the corrosion of steel was calculated using equation (4):
where Rcorr (Ω) and R'corr (Ω) are the charge transfer resistance of steel specimens in the absence and presence of inhibitor, respectively [20] .
Surface analysis of N80 steel
The microstructure of the N80 steel surface immersed in 10%HCl + 4%HBF4 solution with and without different inhibitors was assessed by SEM. The elemental composition and content of corrosion products on the N80 steel surface were obtained using EDS analysis. The phase composition of corrosion products on the N80 steel surface was evaluated by X-ray diffraction. The analysis of microstructure and corrosion product was used to study the corrosion mechanism of N80 steel in 10%HCl + 4%HBF4 solution and the anti-corrosion mechanism of the inhibitor based on emulsion on N80 steel.
RESULTS AND DISCUSSION
Inhibition efficiency of composite inhibitor without emulsifier
The corrosion rates of N80 steel in 10%HCl + 4%HBF4 solution with different composite inhibitors without emulsifier at 353K are shown in Tab.3. The results in Tab.3 indicate that the mixture of these four substances can effectively induce the corrosion rate of N80 steel in 10%HCl + 4%HBF4 solution, the inhibition efficiency of this mixture can reach to 80.14% when the concentration of butylene glycol, imidazole, polyvinylpyrrolidone and 2-phosphonobutane-1,2,4-tricarboxylic acid is 2%, 3%, 0% and 2%, respectively. Therefore, the proportion of butylene glycol, imidazole and 2-phosphonobutane-1,2,4-tricarboxylic acid in the inhibitor based on emulsion is 2:3:2 in the following experiments in this study.
Evaluation of inhibitor based on emulsion
The inhibition behavior of inhibitor based on emulsion on N80 steel in acidizing solution were studied by weight-loss and electrochemical methods.
Effect of concentration on inhibition efficiency
In order to select the optimal concentration of inhibitor based on emulsion, weight loss measurements were performed in 10%HCl + 4%HBF4 solution for 4h at 353K. The corrosion rates and inhibition efficiencies calculated for various concentrations of inhibitor based on emulsion are shown in Tab.4. From Tab.4, it can be found that the corrosion inhibition efficiency increased and the corrosion rate decreased considerately with the increasing concentration of inhibitor based on emulsion. This may be attributed to the increased adsorption and coverage of inhibitor based on emulsion molecular on N80 steel surface [21, 22] . The inhibition behavior of this mixed inhibitor may be attributed to a compact and coherent film formed on N80 steel and reduced chemical attacks of corrosive ions. The corrosion rate of N80 steel is 0.06g·m -2 ·h -1 which has already reached the requirement of acidification when the concentration of this mixed inhibitor is 6% (wt%). Therefore, all of the concentration of inhibitor based on emulsion is 6% in the following experiments.
Effect of temperature on inhibition efficiency
The effects of temperature on the corrosion behavior of N80 steel and the inhibitive behavior of inhibitor based on emulsion were investigated by weight loss measurements in the temperature range 293-353K in 10%HCl + 4%HBF4 solution. The results are shown in Fig.1 and Fig.2 . As detected from Fig.1 , corrosion rate of N80 steel in 10%HCl + 4%HBF4 solution with and without different inhibitor increased with increasing of temperature in studied temperature range. The results may be attributed to that increasing point of corrosion on N80 steel surface with increasing temperature and thus the corrosion reactions were more likely to occur. As detected from Fig.2 , inhibition efficiency of composite inhibitor decreased with increasing of temperature in studied temperature range. The results may be attributed to that the corrosion rate increased sharply at the initial immersing stage before the inhibitor molecules adsorbed on the steel surface to prevent attack of corrosive medium.
Thermodynamic activation parameters
The apparent activation energy and pre-exponential factors for corrosion reaction of N80 steel in different solution can be calculated by Arrhenius equation [23] :
where Ea is apparent activation energy, A is the pre-exponential factor and R is the Avogadro number (6.02×10 23 ), respectively.
The apparent activation energy and pre-exponential factors of different inhibitor for N80 steel can be calculated by linear regression between lnCR and 1/T, the results were shown in Tab.5. The plots obtained are straight lines and the slop of straight line gives its apparent activation energy and the intercept gives its pre-exponential factor. Tab.5 showed that in presence of inhibitor, activation energy increased compared to the free acid solution. The increase of apparent activation energy indicates that the energy required for corrosion reaction increases, that is to say the increase of apparent activation energy increases the resistance of corrosion reaction, and then decreases the corrosion rate of steel. It is clear from equation (4) that the higher Ea and lower A lead to the lower corrosion rate. In general, the effect of Ea on steel corrosion is much higher than that of A on steel corrosion. So, it can come to a conclusion that the inhibitive effect of 6% inhibitor based on emulsion is much better than that of 6% inhibitor without emulsifier.
Electrochemical measurements 3.3.1 Open circuit potential measurements
The variation of open potential of working electrode (N80 steel) with time in different solution at 293K is graphically represented in Fig.3 .
As detected from Fig.3 , the open circuit potential of N80 steel electrode moved to the negative direction after adding different inhibitors compared to that of free acid solution. It took about 300s to reach the steady state for the N80 steel in 10%HCl + 4%HBF4 solution with and without different inhibitor, so the working electrode (N80 steel) was immersed into 10%HCl + 4%HBF4 solution with and without inhibitor for at least 5min before each electrochemical measurement. It can be found that the corrosion current density of N80 steel in the system with inhibitor based on emulsion reduced significantly and the inhibition efficiency was 91.26% which was much higher than that of inhibitor without emulsifier. The corrosion potential of N80 steels shifted to more negative value after adding different inhibitor in 10%HCl + 4%HBF4 solution. According to the literatures [24, 25] , it has been reported that if the displacement in Ecorr in the presence of inhibitor is more than 85mV, the inhibitor can be classified as a cathode or anode type, on the contrary, if the displacement in Ecorr in the presence of inhibitor is less than 85mV, the inhibitor can be classified as a mixed type. Based on this result, it can be speculated that the inhibitor without emulsifier is a cathode inhibitor which mainly inhibit the cathode reaction of corrosion, meanwhile, the inhibitor based on emulsion is a mixed type inhibitor which can inhibit both cathode and anode reaction of corrosion, so as to show better inhibitive effect.
AC impedance analysis
The corrosion resistance of the N80 steel was investigated via the electrochemical impedance technique under different acid conditions. The Nyquist curves of N80 steel in 10%HCl + 4%HBF4 solution with and without different inhibitor are shown in Fig.5 . The impedance parameters and inhibition efficiency were calculated and listed in Tab.7. As shown in Fig.5 , the arc radius of N80 steel increased after adding different inhibitors in 10%HCl + 4%HBF4 solution, it indicated that the inhibitors increased the resistance to the corrosion reaction of steel. These results suggest that the inhibitor can be adsorbed on the surface of the steel to form a protective film, which improves the impedance value and prevents the acid solution from corroding the steel. Fig.5 also demonstrated that the inhibitor based on emulsion can inhibit the corrosion reaction of N80 steel more effectively compared to inhibitor without emulsifier. The results of electrochemical tests were highly compatible with that of weight-loss method. The Nyquist curves for N80 steel immersed in 10%HCl + 4%HBF4 solution with and without different inhibitor are in same form which manifest that the inhibitor did not change the corrosion mechanism of steel while reduced the corrosion rate significantly.
Analysis of N80 steel surface and corrosion products 3.4.1 Corrosion morphologies
The microscopic morphologies and microstructure of the N80 steel after immersed in the 10%HCl + 4%HBF4 solution with and without different inhibitor were revealed using SEM and the results are shown in Fig.6 . As shown in Fig.6 , the N80 steel surface appeared very rough due to the formation of uniform dot corrosion products after immersed in acid solution without inhibitor. The surface was severely damaged, and many pits were visible in the microphotograph after removing the corrosion products on the steel surface. There is no serious uniform corrosion damage on the surface of N80 steel after immersed in 10%HCl + 4%HBF4 solution with 6% inhibitor without emulsifier, but the corrosion pits are visible, the result is attributed to that the inhibitor without emulsifier can just restrain uniform corrosion. There are neither serious uniform corrosion damage nor corrosion pits on the surface of N80 steel after immersed in 10%HCl + 4%HBF4 solution with 6% inhibitor based on emulsion, these results suggest that the inhibitor based on emulsion generates a protective film, possibly due to adsorption of the inhibitor molecules on the steel surface. This film prevents attack of corrode ions on the steel metal surface.
Component of corrosion products
To further investigate the elements in the layer covering the steel surface, the element distribution of the steel immersed in fresh acid was determined by elemental mapping, as shown in Tab.8. Fe, Mn, and C were the main elements in the N80 steel, but a uniform distribution of O and Cl was also observed, indicating that the inhibitor molecules were absorbed on the steel surface to form the protective film. 
Phase composition of corrosion products
X-ray diffraction (XRD) measurements were performed to investigate the phase composition of N80 steel after immersed in 10%HCl + 4%HBF4 with and without different inhibitor. As shown in Fig.  8 , the characteristic peaks of N80 steel are at 43.94 and 64.15, and the base line is relatively smooth. Compared with the characteristic peaks of N80 steel after immersed in acid solution without inhibitor, the peaks of N80 steels after immersed in acid solution with inhibitor did not obviously differ, but the intensities of the characteristic peaks were gradually enhanced. In addition, the baseline of the immersed N80 steel become smoother due to the presence of inhibitor which indicated that the corrosion would generate some fluctuating signal peaks. The XRD curves revealed no obvious changes in the characteristic peaks, indicating that the inhibitor inhibited the corrosion of N80 steel through dynamic physical and chemical adsorption, similar to the results reported by Zou [26] , Zhang [27] and Zhao [28] .
CONCLUSION
(1) A kind of inhibitor based on emulsion was prepared by composite inhibitor, oil and emulsifier in a certain proportion of 3:1:1. The composite inhibitor was prepared by butylene glycol, imidazole and 2-phosphonobutane-1,2,4-tricarboxylic acid according to the mass ratio of 2:3:2.
(2) The inhibition efficiency of inhibitor based on emulsion increased with the increasing concentration and decreased with the increasing of temperature.
(3) The existence of oil and emulsifier improved the quality of anti-corrosion film on N80 steel surface, and then improved inhibition efficiency and decreased the production cost.
(4) The results of electrochemical indicated that the inhibitor based on emulsion was a mix inhibitor which can reduce the corrosion rate of anode and cathode reaction without changing the corrosion mechanism of N80 steel in 10%HCl + 4%HBF4 solution.
